Abstract The synaptonemal complex (SC), a key structure of meiosis that assembles during prophase I, has been initially described 60 years ago. Since then, the structure has been described in many sexually reproducing organisms. However, the SC protein components were characterized in only few model organisms. Surprisingly, they lacked an apparent evolutionary relationship despite the conserved structural organization of the SC. For better understanding of this obvious discrepancy, the evolutionary history of the SC and its individual components has been investigated in Metazoa in detail. The results are consistent with the notion of a single origin of the metazoan SC and provide evidence for a dynamic evolutionary history of the SC components. In this mini review, we recapitulate and discuss new insights into metazoan SC evolution.
Introduction
Sex, which comprises the fusion of two gametes to form a new organism, is the most common mode of reproduction in metazoans. To preserve the number of chromosome sets in future generations, the chromosome complement has to be reduced by half. This is achieved through a specialized type of cell division, called meiosis, consisting of two successive rounds of cell division (meioses I and II) after a single round of DNA replication.
In contrast to the ancestral somatic cell division process of mitosis, meiosis involves the segregation of homologous chromosomes during the first meiotic division and the separation of sister chromatids in meiosis II. This requires processes, which originated most likely only once during eukaryogenesis: the stable pairing of homologous chromosomes (synapsis), the homologous recombination between non-sister chromatids, the suppression of sister-chromatid separation in the course of the first meiotic division and the absence of chromosome replication between meioses I and II (Wilkins and Holliday 2009; Bomblies et al. 2015) .
Meiotic chromosome synapsis during prophase I is mediated by the synaptonemal complex (SC). Incorrect chromosome synapsis impairs homologous recombination leading to chromosome missegregation (aneuploid gametes) or cell death (infertility). Therefore, proper assembly of the SC is required for successful meiosis and production of healthy germ cells (for reviews, see Hassold and Hunt 2001; Page and Hawley 2004; Costa and Cooke 2007; Handel and Schimenti 2010; Bolcun-Filas and Schimenti 2012) .
As shown by electron microscopy of meiocytes from various different phyla, the SC reveals a conserved structure composed of two rod-like lateral elements (LEs; which assemble alongside the homologous chromosomes), a central element (CE) and the transverse filaments (TFs) joining LEs and CE.
The TFs from opposing LEs overlap and interact head-to-head in the CE ( Fig. 1 ; for reviews, see Gillies 1975; von Wettstein et al. 1984; Fraune et al. 2012a) .
The homologous recombination machinery, which is tightly associated with the SC, consists of evolutionary conserved components (Villeneuve et al. 2001; Cole et al. 2010) . However, this is not the case for the SC components, as their characterization in the animal meiotic model organisms Caenorhabditis elegans, Drosophila melanogaster and Mus musculus failed to detect any sequence homology between the corresponding LE, TF or CE proteins. The apparent discrepancy between the SC structure conservation and the lack of sequence homology in the SC proteins led to the hypothesis that the SC has different evolutionary origins in these lineages.
Here, we will discuss recent bioinformatic and expression data that have provided new insights into the evolutionary history of the metazoan SC.
Single origin of the metazoan synaptonemal complex
Seven mammalian SC proteins have been characterized so far ( Fig. 1 ): SYCP2 and SYCP3 are constituents of the LEs (Lammers et al. 1994; Offenberg et al. 1998) . Dimers or tetramers of the large coiled-coil protein SYCP1 make up the TFs (Meuwissen et al. 1992 ). The C-terminal ends of SYCP1 interact with the LEs whereas the N-termini of opposing SYCP1 molecules bind head-to-head within the centre of the SC, thereby mediating synapsis of the homologues ( Fig. 2 ; Liu et al. 1996; Schmekel et al. 1996; Schücker et al. 2015) . The proteins SYCE1, SYCE2, SYCE3 and TEX12 support their stable interaction and complement the composition of the CE (Costa et al. 2005; Hamer et al. 2006; Schramm et al. 2011) . Since SYCP1 and SYCP3 can self-assemble to higher ordered structures in the absence of other SC proteins, they are regarded as bona fide structural SC components (Yuan et al. 1998; Öllinger et al. 2005; Fraune et al. 2012a; Syrjänen et al. 2014) . CE proteins are essential for synapsis initiation and elongation. Based on data obtained by the analyses of respective knockout mice, a complex made by SYCE1 and SYCE3 (initiation complex) is suggested to mediate the initial contacts between the TFs of homologous chromosomes (Bolcun-Filas et al. 2009; Schramm et al. 2011 ). SYCE2 and TEX12 (elongation complex), on the other hand, are essential for the propagation of synapsis which spreads from the initiation sites into both directions along the entire length of the paired chromosomes (Bolcun-Filas et al. 2007; Hamer et al. 2008; Davies et al. 2012) .
Starting with the known murine SC protein sequences, we performed an intensive sequence survey, which revealed the existence of many homologous proteins in the genome of species of various metazoan taxa (Fraune et al. 2012b (Fraune et al. , 2013 . Reconstruction of phylogenetic trees illustrated the early origin of most mammalian SC proteins at the base of metazoan life. Orthologs of SYCP1, SYCP2 and SYCP3 as well as SYCE2 and TEX12 could already be detected in the genome of the species Hydra belonging to one of the deepestbranching metazoan lineages, namely Cnidaria. SYCE1 and SYCE3, however, apparently emerged later in metazoan evolution, more precisely in a last common ancestor of presentday Bilateria and vertebrate lineages, respectively (Fraune et al. 2012b (Fraune et al. , 2013 .
Following the hypothesis that not only sequence homology but also functional equivalence exists between the cnidarian and the mammalian proteins, the expression of HySYCP1, HySYCP2, HySYCP3, HySYCE2 and HyTEX12 was analysed at the mRNA as well as at the protein level in Hydra. RT-PCR, whole-mount in situ hybridization and western blot analyses confirmed their expected expression in Hydra meiocytes (Fraune et al. 2012b (Fraune et al. , 2013 (Fraune et al. , 2014a . Using specific antibodies, immunofluorescence analyses revealed that all proteins are components of thread-like structures in spread cnidarian spermatocytes, representing SCs. Furthermore, the localization and dynamics of the SC proteins correspond to those of their mammalian homologues ( Fig. 3 ; Fraune et al. 2012b Fraune et al. , 2013 Fraune et al. , 2014a : HySYCP2 and HySYCP3 are part of the LEs, which assemble early in the first stages of prophase I (leptonema and zygonema). HySYCP1 constitutes the TFs, which are detectable only during synapsis. HySYCE2 and HyTEX12 localize in the centre of the SC. Similar to HySYCP1, their detection is restricted to stages of Fig. 1 Schematic representation of the mammalian synaptonemal complex synapsis (from zygonema until diplonema). HySYCE2 and HyTEX12 present with a rather punctuate pattern which is in accordance with observations made for mouse SYCE2 and TEX12 (Hamer et al. 2006) .
Ex vivo polymerization studies performed in somatic culture cells support the idea that the corresponding cnidarian and mammalian SC proteins have similar properties. In particular, HySYCP3 is able to interact with rat SYCP3 in COS-7 cells despite approx. 500 Ma of independent diverging evolution (Fraune et al. 2014b ; see also Yuan et al. 1998 ). In addition, HySYCE2 and HyTEX12 are able to assemble to elongated aggregates when co-expressed in COS-7 cells (Fraune et al. 2014b ). This suggests that these proteins also have the ability to interact with each other as has been described for murine SYCE2 and TEX12 (Hamer et al. 2006 (Hamer et al. , 2008 Bolcun-Filas et al. 2007; Davies et al. 2012) . In accordance with these results, HySYCP3, HySYCE2 and HyTEX12 as well as HySYCP1 exhibit the highest sequence similarity to the corresponding mammalian proteins in central domains, which have been reported to be essential for the polymerization properties of the murine SC components (Baier et al. 2007; Davies et al. 2012; Fraune et al. 2012b Fraune et al. , 2013 .
Our phylogenetic analyses demonstrated the conservation of the mammalian SC components across most metazoan lineages, thus supporting the hypothesis of a single origin of the SC in animals. Expression studies and polymerization properties of the homologous proteins of SYCP1, SYCP2, SYCP3, SYCE2 and TEX12 in the basal-branching animal Hydra confirmed that the proteins are functional components of the cnidarian SC. Therefore, we hypothesize that an ancient SC, consisting of at least the LE proteins SYCP2 and SYCP3, the TF protein SYCP1 and the CE protein SYCE2 and TEX12, was present in the ancestor of extant metazoan lineages and with a few exceptions (see below) has been conserved in composition and structure from Hydra to mouse.
Evidence for a dynamic evolutionary history of the metazoan synaptonemal complex
The SC shows a rather conserved structure across evolution. Nevertheless, available evidence indicates that in some cases, new protein components have been added. In other cases, components have been replaced by new ones or evolved beyond sequence recognition independently in different metazoan lineages (Fraune et al. 2013 ). The dynamic evolutionary history of the SC becomes most apparent by the following examples.
Addition of proteins
As summarized above, the ancient metazoan SC most likely consisted of the proteins SYCP1, SYCP2, SYCP3, SYCE2 and TEX12. In addition, the present-day CE of the mammalian SC contains the proteins SYCE1 and SYCE3. These proteins appeared more recently in evolution: SYCE1 in the last common ancestor of Bilateria and SYCE3 with the emergence of vertebrates (Fraune et al. 2013 ). Apparently, they were dispensable for the functionality of the ancient SC, in contrast to the other CE proteins SYCE2 and TEX12. This might be For technical details, see Fraune et al. (2012b) and Schücker et al. (2015) related to the important and highly conserved process of homologous recombination. In fact, the murine SYCE2 and the structural proteins SYCP1 and SYCP3 are the only SC components for which a direct interaction with proteins of the recombination machinery (RAD51, DMC1) has been described (Tarsounas et al. 1997; Bolcun-Filas et al. 2009 ).
The very recent evolution of the SYCP3 gene in mammals represents another example of the dynamic evolutionary history of the SC. In almost all species, Sycp3 codes for one protein product. However, in mouse and rat, it codes for two isoforms, one short and one long. The shortest is conserved among metazoans, while the longest, which harbours an Nterminal extension, most likely emerged at the base of the mouse and rat clade, after their separation from the hamster lineage, 15 Ma ago. Whether the novel isoform has additional properties to that of the conserved one has not yet been elucidated (Alsheimer et al. 2010 ).
Losses, replacements and/or diversification of SC components in ecdysozoan species
The evolution of the Ecdysozoa lineage has been accompanied by losses and replacements or strong diversification of ancient SC proteins. The lack of homology between the SC proteins of nematodes (C. elegans), flies (D. melanogaster) and mammals (M. musculus) has been the underlying issue of this work and two explanations could be possible for this observation: (1) the ancient SC proteins were lost in some ecdysozoan lineages and replaced independently by nonhomologous proteins indicating a specific evolution of the SC in these species; (2) the ancient SC proteins underwent dramatic evolutionary changes in the Ecdysozoa lineage. Although the original homology of the proteins would not be detectable anymore, the SC proteins of these species would still share a common origin with the ancient proteins.
Our phylogenetic analyses support the second hypothesis. Within the ecdysozoan clade, we found SYCP1, SYCP2 and SYCE2 sequences in crustacean species. Although evolutionarily distant, these crustacean sequences are an indicator for the presence of homologues also in ecdysozoan species. Consequently, they would bridge the evolutionary gap to present-day Arthropoda and Nematoda and thus to D. melanogaster and C. elegans (Fraune et al. 2012b (Fraune et al. , 2013 (Fraune et al. , 2014a .
Homologies beyond the synaptonemal complex
Interestingly, previous studies also revealed the existence of genes coding for non-SC proteins in vertebrates showing sequence similarities to those encoding the mammalian SC components. In these cases, the genes coding for the SC proteins appear to be the ancient ones. The best characterized examples are summarized below.
In the mouse, different testis-expressed SYCP3-like proteins have been identified that share a conserved Cor1 domain with SYCP3. The coding genes belong to multicopy gene families that are located on the sex chromosomes (Sly = Sycp3-like, Y-linked; members of the Xlr/Xmr gene family: Slx = Sycp3-like, X-linked, Slx2 = Sycp3-like, Xlinked 2; Garchon et al. 1989; Calenda et al. 1994; Cocquet et al. 2009; Reynard et al. 2009; Shi et al. 2013) . The corresponding proteins likely fulfil crucial roles in the maintenance of meiotic/postmeiotic transcriptional silencing of sex chromosomes and sperm differentiation and are not involved in SC assembly. It is assumed that Sycp3 is the ancestral gene since it can be detected in a wide range of species (see above). Probably, before the divergence of mouse and human, a Sycp3-like gene copy translocated to the X chromosome where it further evolved in multiple copies. After the separation of mouse and rat, one copy came onto the Y chromosome, forming an X-Y homologous subfamily that further increased in copy number on both sex chromosomes (Touré et al. 2005) .
Very recently, Casey and colleagues (2015) reported on the divergence of Sycp3 into three different genes coding for SYCP3, and putative SYCP3Y (Y-linked copy of Sycp3) and SYCP3-like proteins in Monotremata, the most basal lineage of extant mammals which reveals a unique complex sex chromosome system. Comparison of Sycp3 with Sycp3-like sequences revealed conservation of some structural domains, while other functionally relevant regions have diversified significantly due to divergence, duplication and transposition of the gene. Transcripts of all three genes were detected in the testis. However, localization of the monotremata SYCP3, SYCP3Y and SYCP3-like proteins has not been reported so far.
Bioinformatic evidence also suggests the existence of another gene related to Sycp2 in vertebrates, but not in invertebrates. Several years ago, protein NO145 was characterized as a component of the nucleolar skeleton in Xenopus laevis (Franke et al. 1981; Benavente et al. 1984) . More recently, Kneissel and colleagues (2001; see also Zhou et al. 2015) reported a high sequence similarity with SYCP2 in the N-terminal domains of the proteins. Our phylogenetic analysis revealed the existence of two homologous SYCP2 sequences in most vertebrate species, while only one is present in invertebrate species. Reconstruction of the phylogenetic tree displayed two distinct sister clusters in vertebrates, with one presumably corresponding to SYCP2 and the other to NO145. According to our expression studies in Hydra, the single cnidarian homologous sequence corresponds to the SC component SYCP2 (Fraune et al. 2014a ). Thus, this suggests a gene duplication event in the branch leading to vertebrates followed by the neofunctionalization of one of the two resulting paralogues. These results point to Sycp2 as the ancient gene, which gave rise to the paralogues Sycp2 and No145 in vertebrates.
Outlook
Our data have demonstrated that most of the mammalian SC components are ancient in Metazoa, providing compelling evidence for a single origin of the metazoan SC. However, homologies to existing SC proteins outside the animal kingdom were not assessed. Since the SC is an almost ubiquitous structure in sexually reproducing organisms, further bioinformatic (Grishaeva and Bogdanov 2014) and experimental studies are required also in unicellular eukaryotes, plants and fungi to gain a complete overview of the SC evolutionary history.
